We experimentally discovered that Al2O3 and MgO exhibit well-pronounced nanometric modifications on the surfaces when irradiated under grazing incidence with 23 MeV I beam, in contrast to normal incidence irradiation with the same ion beam when no damage was found. Moreover, ions in these two materials produce notably different structures: grooves surrounded with nanohillocks on MgO surfaces vs. smoother, roll-like discontinuous structures on the surfaces of Al2O3. To explain these results, detailed numerical simulations were performed. We identified that a presence of the surface inhibits recrystallization 2 process, thereby preventing transient tracks from recovery, and thus forming observable nanopatterns. Furthermore, a difference in the viscosities in molten states in Al2O3 vs. MgO explains the differences in the created nanostructures. Our results thus provide a deeper understanding of the fundamental processes of surface nanostructuring, potentially allowing for controlled production of periodic surface nanopatterns.
Introduction
Nanometric effects caused by swift heavy ion (SHI) beams have found diverse applications such as production of track-etched membranes [1] , hadron therapy [2] , and testing of semiconductor devices [3] . Nanoscale damage along an SHI path is usually called an ion track and can be observed with various experimental techniques. Understanding of involved physical processes is still incomplete, and various mechanisms have been proposed for damage formation caused by these ions [4, 5] .
At low levels of energy deposited by an SHI, the initial excitation dissipates leaving an almost unaffected material around the ion path. Initially, it was thought that this effect could severely limit ion track research at small and medium sized accelerator facilities, but recent developments have demonstrated otherwise [6] . This paper shows that grazing incidence SHI irradiation below the bulk threshold energy of track formation can cause considerable surface damage, thus enabling this line of research at smaller accelerator facilities [7] [8] [9] .
At the low-energy shoulder of the Bragg-peak, the threshold for ion tracks in Al2O3 after normal incidence of an SHI is well known: it is ~10 keV/nm in the bulk [10] [11] [12] , and the threshold for nanohillocks formation observed by means of atomic force microscopy (AFM) at the surface could be extrapolated to ~10 keV/nm as well [13] . In a case of normal incidence SHI irradiation of MgO, the threshold in the bulk is above 18 keV/nm [11, 14, 15] , while at the surface small nanohillocks have been observed already at 15 keV/nm [13] .
In this work, we examine the response of these two radiation hard oxides to grazing irradiation by iodine ions with the energy losses below the track formation threshold in the bulk. By using atomic force microscopy (AFM), time-of-flight elastic recoil detection analysis (ToF-ERDA), Rutherford backscattering spectrometry in channelling mode (RBS/c) and transmission electron microscopy (TEM), we demonstrate formation of long surface tracks induced by such grazing ions. These results are supported by numerical simulations based on the TREKIS code [16, 17] which illustrate different mechanisms governing the formation of SHI tracks under normal vs. grazing incidence conditions in Al2O3 vs. MgO samples.
Experimental details
Single crystal Al2O3 (0001) and MgO (100) samples were purchased from CrysTec GmbH, Germany. The samples were 5×5 mm 2 in size, and their thickness was 0.5 mm. The samples were epi-polished on one side, making them suitable for the AFM analysis. No sample preparation was done before the irradiation nor before the analysis except for the TEM preparation.
The samples were irradiated using 23 MeV I 6+ beam delivered from the 6 MV Tandem Van de Graaff accelerator at the Ruđer Bošković Institute (RBI) accelerator facility in Zagreb, Croatia. The crystals were irradiated in normal (5° off the surface normal to avoid channelling) and grazing (1° with respect to the surface) incidence geometries at the ToF-ERDA beamline [18] . According to the SRIM code [19] , the stopping powers in MgO (dEe/dx = 8.53 keV/nm, dEn/dx = 0.42 keV/nm) and Al2O3 (dEe/dx = 9.1 keV/nm, dEn/dx = 0.45 keV/nm) are similar and the electronic component dEe/dx dominates the nuclear energy loss dEn/dx. Throughout the paper we operate with two separate quantities (and units): a) fluence [ions/cm 2 ] -the number of ions impinging per unit area, and b) surface tracks density [tracks/cm 2 ] -the number of tracks produced per unit area. These quantities are equal only for normal incidence irradiations and small fluences without significant track overlap. For irradiations out of normal incidence, due to the geometrical increase of projected exposure area, track density is equal to the fluence scaled by the sine of the irradiation angle. Therefore, a typical ion fluence of ~3×10 11 ions/cm 2 used in the present work (for 1° grazing incidence angle of irradiation) results in formation of ~5×10 9 tracks/cm 2 on the surface.
After SHI irradiations, morphologies of the surface nanostructures were examined under ambient conditions using a Dimension 3100 AFM (Veeco metrology) in the tapping mode and using NCHR cantilevers (Nanosensors, Switzerland) with cantilever resonance frequencies of around 300 kHz. Additional AFM measurements were performed using NTEGRA Prima AFM (NT-MDT spectrum instruments) in the contact mode. The obtained images were analysed using Gwyddion code [20] , and from the raw data (512×512) only a parabolic background was subtracted.
The SHI irradiated samples were further analysed at the RBI accelerator facility using RBS/c and ToF-ERDA. The RBS/c was performed using 1 MeV proton beam from the 1 MV Tandetron accelerator. The beam spot size was 1 mm and the current was kept at a few nA.
A silicon surface barrier detector was positioned at 160° with respect to the incoming beam direction for detection of backscattered ions [21, 22] . The samples were aligned using an unirradiated part of the crystal by obtaining angular (tilt, azimuth) scan maps.
For the in situ ToF-ERDA, 23 MeV I 6+ beam from the Van de Graaff accelerator was used, and the measurements were conducted at the identical grazing incidence geometry, i.e. at 1° with respect to the sample surface, with the spectrometer positioned at 37.5° towards the beam direction [21] . After the collection of the data in the "list mode", offline replay and analysis were performed using the Potku code [23] following the methodology developed in Ref. [7] .
Finally, selected samples were analysed with TEM. Cross sectional TEM lamellae were prepared by a standard FIB lift-out procedure using a FEI Helios 650. Prior to exposing the irradiated surface to Ga ions, a ~200 nm thick carbon layer was deposited onto the area of interest using 1 keV electrons. 30 keV Ga ions were then applied to deposit more carbon to a final thickness of 2 µm before trench milling. Final thinning was performed using 5 keV Ga and polishing at 1 keV Ga energy. TEM imaging was performed in a JEOL ARM 200F TEM with imaging Cs corrector at 200 keV energy.
Experimental results

AFM analysis of the surface
The inspection of the surface by an AFM reveals long ion tracks on the irradiated side of both Al2O3 and MgO samples after the grazing incidence SHI impacts. As shown in Fig. 1 , the SHI irradiation yields ion tracks in the form of chains of nanohillocks on the surfaces of Al2O3 crystals. A typical height of the observed features is a few nanometers, and ion tracks have a high degree of periodicity. Larger nanodots occur due to the surface contaminations. From the applied ion fluence we estimate that the ion track production efficiency is close to one.
However, after normal incidence irradiation, Al2O3 surface remained flat even after being exposed to a high fluence of 3×10 13 ions/cm 2 . In the case of ion track formation, an increase of the surface roughness is expected [9] , however no such effect was found in Al2O3 (the surface RMS roughness remained on the level of 0.1-0.2 nm). In the case of MgO, similarly, ion tracks appear on the surface after grazing incidence SHI irradiation, while no effect is found after normal incidence irradiation, see 
ToF-ERDA study of surface elemental composition
An additional investigation of the surface track formation during the grazing SHI exposure was accomplished using in situ ToF-ERDA. To monitor for possible changes of the elemental composition of the surface, we performed measurements under the same irradiation conditions, i.e. the same ion type, energy and incidence angle. From the analysis of spectra shown in Fig. 3 , following the methodology developed in Ref. [7] and using the Potku code [23] , we have found that the stoichiometry of the surface remains unchanged in both materials even for the highest fluences of 1×10 12 
RBS/c analysis of subsurface region
RBS/c measurements were carried out to investigate possible formation of ion tracks below the surface after the normal incidence SHI irradiation. Fig. 4 shows that only a small amount of defects was formed after SHI irradiation of Al2O3 with the high fluence of 3×10 13 ions/cm 2 .
In a case of latent ion track formation, such a high ion fluence would have led to a significant amount of damage due to ion track overlap. The observed increase in the RBS/c yield, compared to the unirradiated sample in the case of Al2O3, is most likely due to dechanneling or backscattering from oxygen point-like defects. In the case of MgO, only a negligible amount of SHI induced defects is found. The peak observed close to the oxygen edge (around channel 520) is due to the known p-Mg resonance at 820 keV. 
HRTEM investigation
Finally, both MgO and Al2O3 samples irradiated with SHI at normal incidence at the low ion fluence of 2×10 11 ions/cm 2 were studied with transmission electron microscopy (TEM and HRTEM). The chosen fluence ensures that ion tracks (if any) would not overlap. A thin carbon foil of 20 g/cm 2 (corresponding thickness is around 100 nm) was placed in front of the samples during the irradiation to ensure that the charge state of the SHI is equilibrated before the ion impact. This way, an ambiguity in the value of the SHI stopping power was eliminated. The rough appearance was not due to lamella preparation as the crystal surface appeared visibly rough in the SEM prior to commencing lamella preparation. At present, the cause of this surface roughening is not clear but might be related to cratering due to single ion impacts.
We note that this does not contradict the AFM results because those samples have been 9 irradiated with the ion beam having 6+ charge state. In that case, due to lower charge state of the impinging SHI, the energy loss of the projectile reduces below the threshold resulting in no nanostructures at the ion impact site. 
Model
We applied a hybrid model combining Monte Carlo (MC) and Molecular Dynamics (MD) simulations [24] to study the coupled kinetics of excitation and relaxation of the electronic and the atomic systems of Al2O3 and MgO irradiated with SHIs under the normal and grazing incidence. First, the Monte Carlo code TREKIS (Time-Resolved Electron Kinetics in SHI-Irradiated Solids [16, 17] ) is used to describe SHI penetration, excitation of the ensemble of electrons, as well as energy transfer to lattice atoms via electron-lattice scattering. The cross sections applied in TREKIS are constructed within the complex dielectric function (CDF)
formalism [25] [26] [27] .
A calculated radial distribution of the energy transferred to the lattice forms input data for the classical molecular dynamics code LAMMPS [28] simulating subsequent lattice relaxation and structure transformations around the ion trajectory [29] . The interaction between atoms in Al2O3 and MgO is described with pair Buckingham-type potentials with parameterization taken from Ref. [30] . The supercell size used in the MD simulations of normal-incidence ion passage was 20.4×20.5×19.4 nm 3 (967500 atoms) in Al2O3 and 24.7×24.7×14.9 nm 3 (100800 atoms) with the periodic boundary conditions (PBC).
To mimic an SHI impact at a grazing angle, the ion trajectory was set parallel to the surface at 1 nm depth along Z axis (corresponding to ~57 nm from the starting point of an ion trajectory at the surface). For grazing-incidence simulations, box sizes were 40.1×20.5×20.5 with the help of the OVITO software [32] .
For an analysis of material properties, the viscosities of liquid MgO and Al2O3 at temperatures of 100 K above the melting points were calculated using molecular dynamics and the Green-Kubo formalism which relates the stress/pressure tensor to the viscosity in terms of the autocorrelation functions [33, 34] . Thus, an effect of the surface tension on surface damage by an SHI was estimated. The surface tension coefficient was determined as the difference of the normal and the parallel to surface components of pressures ( = 1 2 ( + −2 ), where σab is the surface stress tensor [35] ) of a liquid layer with two free surfaces [35] . For these estimations, the system was first equilibrated at a desired temperature within NPT (isothermal-isobaric) ensemble for 50 ps. Then, for evaluations of the viscosities in liquid states, the system was molten and kept at the temperature of 100 K above the melting point. The measured data were accumulated during 2 ns simulation with NVT (canonical ensemble) thermostat. Final values were obtained using double moving average of the raw data. The kinetics of tracks formation is similar to that discussed in [15] where recrystallization of an area initially molten due to an ion passage was observed in both Al2O3 and MgO. It should be noted that within the present approach the calculated threshold of track formation in the bulk Al2O3 (~6-7 keV/nm [24] ) is lower than the abovementioned experimental value of ~10 keV/nm. 
Simulation results
Normal incidence of SHI impact: tracks in the bulk
Surface effects after normal incidence SHI irradiation
In order to understand effects of the surface to track formation after a normal incidence ion impact, an SHI passage in a subsurface region was modelled (see Fig. 7 ). It is clearly seen that the presence of a surface strongly affects the ion track kinetics up to the depth of ~8 nm, forming a conically shaped track. The track structure at a larger depth is similar to that in the bulk (cf. Fig. 6b ). As shown in more detail in Figure 8 , surface effects increase the size of the initially damaged region in Al2O3 at times of ~3 ps, despite the fact that the initially molten zone is almost cylindrical (at ~1 ps). At longer times (~6-10 ps) when the material starts to recover, the presence of the surface considerably hinders the recrystallization process, but the efficiency of this effect decreases with depth. Figure 7a also demonstrates formation of a surface hillock of ~1.4 nm in height. In contrast, no surface hillocks were observed in the experiment (Fig. 1c) . This difference is to be expected since the threshold for the track formation is underestimated in our model, as mentioned above.
The effective equilibrium charge of 23 MeV I ion according to Barkas formula [16, 36] of Zeff = +8.47 was used in simulations presented in Fig.7a , whereas the charge state of the ion beam delivered by the accelerator (in the experiments without carbon foils) is Z=+6. We performed simulations of the ion passage with an artificially fixed charge state Z=+6 as the limiting case, which reduces the ion energy deposition with respect to the equilibrium charge by a factor of two. This simulation shows only minor damage in Al2O3 at depths up to 1.5 nm (see Fig. 7b ) and no hillock appeared on the surface, indicating that the reduction of the energy deposition brings the ion into a subthreshold regime. A similar situation can be observed in MgO (Fig. 7c,d) , where the equilibrium charge state produces a small crystalline hillock, while the impact of a fixed charge state Z=+6 ion produces almost no effect.
The kinetics of track recrystallization is presented in Fig. 8 and Fig. 9 for Al2O3 and MgO, respectively. In the case of Al2O3, the surface affects the recrystallization during formation of a hillock and a subsurface ion track, whereas the bulk part of the track is not influenced much. For comparison, the kinetics for MgO is shown in Fig. 9 . It also shows that the subsurface region recrystallizes slower than the bulk part. Even at times of 20-30 ps, the nanohillock is still amorphous, but finally both the track and the nanohillock are crystalline.
During the final recrystallisation phase, the size of the nanohillock does not change any more. Figure 10 shows results of modelling of 23 MeV I ion passage parallel to the surface at 1 nm depth in Al2O3 and MgO. Setting the initial conditions for MD simulations, a part of the track modelled with TREKIS appearing above the surface was excluded from the subsequent calculations, effectively mimicking emission of electrons from the surface. Since the ion trajectory is much longer than the charge equilibration length, we used the equilibrium charge according to the Barkas formula.
Grazing SHI incidence
The simulation demonstrates formation of an extended surface structure in Al2O3 (Fig.   10a ), which consists of small extended hillocks with a height of about 1.5-2 nm. In contrast to Al2O3, MgO shows formation of a grove-like extended structure surrounded by droplets of ejected material (Fig. 10b ). Both structures are in a good agreement with the experimental observations (cf. Figs. 1 and 2 above) . ps.
The kinetics of surface structure formation in Al2O3 (Fig. 12) is relatively simple in comparison to that in MgO. A passage of an SHI causes slight protrusion of the material with minor sputtering of atoms, and this protrusion then cools down forming a roll-like structure.
The complete animation can be found in the Supplementary Materials. The difference in behaviour of these two materials under grazing SHI irradiation can be attributed to the mobility of atoms in the molten state. In order to interpret this effect, Table 1 shows viscosities of atoms in molten MgO and Al2O3 calculated with MD at temperatures of 100 K above the melting points (see details in Model Section). Higher mobilities of atoms in molten MgO can be noted (viscosity is several times lower in magnesia).
A lower viscosity of atoms in MgO allows the material to be expelled easier from the target surface in the vicinity of the SHI trajectory. A higher viscosity in Al2O3 results in minimal extrusion of the material from a track.
Another factor hindering material expulsion from a surface of a liquid is the surface tension. MD calculations at 100 K above the melting points show that higher surface tension in Al2O3 ( 
Discussion
Careful investigations of SHI irradiated Al2O3 demonstrated that ion track formation in Al2O3 is a two steps process starting from the threshold of 10 keV/nm [12, 37] and leading to the full amorphization at high fluences [38] . In the case of MgO, less research has been done, but this material is known to be highly resistant to electronic excitations induced by an SHI impact. A very high threshold for ion track formation (above 18 keV/nm) has been established for MgO [11, 14, 15, 39] .
Grazing incidence SHI irradiation makes identification of the SHI impact sites much easier, allowing studies of unusual track morphologies and processes occurring during the SHI-surface interaction [7, [40] [41] [42] [43] [44] [45] . For example, an origin of chainlike morphology of surface ion tracks has been attributed to the oscillating stopping power when SHI encounters different electronic densities when passing through the crystal layers at grazing incidence angles [40] . However, this effect could also play a role in ion track formation within the bulk, especially close to the threshold, and under the near-channelling irradiation conditions. An angle-dependent threshold is a clear evidence of oscillating stopping power causing ion track formation under the near-channelling conditions [9] .
There are many other processes that can either lower or raise the threshold for ion track formation on the surface. First, estimations made in Ref. [46] show that a surface may localize material excitation lowering the threshold for ion track formation. Second, electrons ejected into the vacuum can carry away a portion of the SHI deposited energy, but could also promote a Coulomb explosion mechanism due to (at least temporary) charge imbalance [47] .
Third, ejection of the material (electronic sputtering) can also be active at high SHI energies and lead to another channel of energy dissipation [48] . Fourth, a presence of a surface can impede recrystallization process that is effective in the bulk [7] .
Generally, it has been experimentally observed that the surface ion tracks found after grazing incidence SHI irradiation have significantly lower thresholds than ion tracks in the bulk in the same material [7, 9, 43] . In this sense, present results agree with this observation, i.e. 8- 20 9 keV/nm is a sufficient electronic stopping to produce well-developed ion tracks on the Al2O3 and MgO surfaces.
The main experimental result in the case of Al2O3 is an absence of ion tracks in the bulk at 9 keV/nm, and an appearance of long ion tracks at the surface after grazing incidence irradiation at the same electronic stopping power. The present study demonstrates that recrystallization plays a major role in ion track formation in Al2O3. The surface can suppress this process even at normal incidence irradiation. MD simulations clearly show the suppression of recrystallization during track formation in Al2O3 (see Fig. 8 ), leading to the experimentally detected ion track morphology already at 9 keV/nm.
To explain the appearance of grooves on MgO surfaces, the suppression of recrystallization alone is not sufficient. Previously, grooves have been observed in SiC, another material highly resistant to SHI irradiation [43] . Sublimation of silicon atoms has been proposed as the formation mechanism of these shallow grooves. More recently, grooves found in CaF2 and mica have also been linked to the sublimation of the target [44, 49] , and material decomposition has been attributed to grooves formation in GaN [7] . As shown in Fig.   11 , MD simulations indicate that a splash of molten MgO following the SHI passage results in a groove along the ion trajectory and a part of displaced material can be found at the track rim. Also, ToF-ERDA measurements show that the surface stoichiometry remains unchanged.
Therefore, processes leading to the observed morphology of the surface ion tracks in MgO are governed primarily by the properties of the melt, and not by the recrystallization process.
Conclusion
In this combined experimental and theoretical study, we explored reasons why ion tracks on the materials surfaces are more easily formed than in the bulk. We showed that both in Al2O3
and MgO an effect of recrystallization makes ion tracks smaller and increases the threshold for their formation in the bulk vs. the surface. To some extent, simulations indicate that the ion charge state can influence the threshold for nanohillock formation as well.
This study identified that properties of the molten material play a significant role in track formation on the surface, especially in the case of grazing incidence SHI irradiation.
Different track morphologies in MgO vs. Al2O3 were attributed to differences in atomic mobilities. In the case of Al2O3, the suppression of recrystallization at the material surface lowers the threshold for ion track formation, but a usual ion track morphology as a sequence of nanohillocks produced along an ion trajectory was found. Compared to Al2O3, a lower viscosity and lower surface tension in molten MgO leads to material loss, as clearly demonstrated by simulations, which finally results in the grove-like morphology of ion tracks found experimentally.
